Abstract Injection of rats with kainic acid (KA), a non-N-methyl-
Introduction
Epilepsy can be defined as a recurrent paroxystic disorder of cerebral function. It is characterized by brutal and short attacks causing impairment or loss of consciousness, motor activity, sensory phenomena or behavior misfits, isolated or combined symptoms, according to the various types of epilepsy. The genesis of epilepsy is an increase in excitability in an area of the brain, due to an excessive depolarization, which can spread to involve the whole brain [1] [2] [3] . To avoid this abnormal depolarization, many current therapies act to blockade increase cellular polarization by inhibiting Na ? influx [4, 5] . Frequency or use-dependent block of neuronal Na ? channels is a prominent short-term effect of several commonly used anti-epileptic drugs. Since the first mutations of the neuronal Na ? channel SCN1A were identified 5 years ago, more than 150 mutations have been described in patients with epilepsy [6, 7] . The growing role of Na ? channel mutations in neurological disease provides increased incentive for developing new and more specific Na ? channel inhibitors for prevention of neurodegeneration.
Voltage-gated Na ? channels (VGSC) are essential for the initiation and propagation of action potentials in neurons [8] . Abnormal VGSC activity is central to the pathophysiology of epileptic seizures and many of the most widely used anti-epileptic drugs including Lamotrigine, Rufinamide, Oxcarbazepine, Valproic Acid, and Zonisamide, are inhibitors of VGSC function [9] . Therefore, these anti-epileptic drugs are also efficacious in the treatment of other nervous system disorders such as migraine, multiple sclerosis, neurodegenerative diseases, and neuropathic pain [9] . It has been recently demonstrated that VGSC blockers can function as neuroprotective agents due to inhibition of apoptotic pathways [10, 11] .
Kainic acid (KA), a non-selective agonist of a-amino-3-hydroxy-5-methylisoxazole-4-propionate/kainate receptors (AMPA/KARs), causes neuronal death in the hippocampus and also causes neuron depolarization and excessive Ca 2? influx, which can initiate intracellular signaling cascades that include nitric oxide synthase (NOS) activation, free radical formation, and mitochondrial dysfunction that, in turn, result in inflammatory responses, cytokine expression, and oxidative stress via production of reactive oxygen species (ROS) or reactive nitrogen species (RNS) [12] . The KA model of experimental epilepsy has yielded a detailed understanding of some of the processes involved in epileptogenesis and the generation of spontaneous recurrent seizures [13, 14] . When administered systemically or intracerebroventricularly in animal models, KA produces an epilepsy syndrome similar to human temporal lobe epilepsy (TLE). Experimental animals treated acutely with KA develop status epilepticus followed by neurodegeneration in specific brain regions such as the hippocampus, piriform cortex, thalamus, and amygdala. After a latent period of days to weeks, these animals begin to exhibit spontaneous, recurrent limbic seizures-the hallmark of the epileptic state [13, 14] . Much like the human syndrome, there are histopathological changes including cell death in hippocampal subregions. Calpain activation following KAinduced seizure activity in adult rat brain also exhibits a specific spatio-temporal pattern [15] [16] [17] . Observations suggest that KA evokes excitotoxicity in hippocampus resulting in proteolytic activation of a pro-apoptotic Bcl-2 subfamily member, nuclear translocation of apoptosis inducing factor (AIF) and endonuclease G (endo G), DNA fragmentation, and nuclear condensation. These strongly suggest that calpain plays a pivotal role in the excitotoxic signal transduction cascade leading to DNA fragmentation. In the hippocampal neuron culture, KA increases the activities of mitogen-activated protein kinases (MAPKs) such as extracellular signal-regulated protein kinase (ERK), c-Jun N-terminal kinase (JNK), and p38 MAPK (p38) [18] .
VGSC blockers acting through multiple mechanisms may inhibit voltage-gated and receptor-gated Ca 2? channels, voltage-dependent Cl -channels, and excitatory neurotransmission. However, it is currently unclear how VGSC blockers prevent hippocampal neuron injury. We examined the neuroprotective effects of VGSC blockers on KA-induced hippocampal neuron death by focusing on the apoptotic events that involved activities of calpain and caspases. Our data suggest that VGSC blockers have a therapeutic potential for suppressing KA-induced hippocampal neuron death. However, VGSC blockers, which also possess the ability to block T-type Ca 2? channels may offer higher level of neuroprotection when compared with VGSC blocker alone. These findings prompted us to hypothesize that blockers of both VGSC and Ca 2? channels could have a potent neuroprotective role in hippocampal neurons against KA-induced excitotoxicity.
Materials and Methods

Primary Hippocampal Neuron Cultures and Experimental Treatments
Zero-day-old rat pups were decapitated and hippocampal neurons were isolated and cultured according to published procedures [19, 20] with some modifications. Briefly, after dissection, hippocampi were minced and treated with 0.25% trypsin-EDTA (GIBCO, Grand Island, NY) for 20 min. After centrifugation, cells were resuspended in a neurobasal medium (GIBCO) containing 1:50 B27 (GIB-CO), 2 mM L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin, and 10% fetal bovine serum and were subsequently dissociated by repeated pipetting through a 1-ml Eppendorf pipette tip. Cells were then plated at a density of 1 9 10 5 cells/dish in poly-D-lysine-coated 24-well plates. On days 2 and 4, one-half of the medium was exchanged. Cultures were maintained at 37°C in a fully-humidified incubator containing 5% CO 2 and 95% air. In order to arrest the growth of non-neuronal cells, 10 lM cytosine arabinoside (Sigma, St. Louis, MO) was added to the culture medium 18-24 h after plating. The medium was replaced at an interval of every 2 days with a maintenance medium containing neurobasal media and 5% B27 supplement (GIBCO). After 7 days of culture in vitro, successful cultures of neurons were selected for further studies. Optimal doses of KA, Lamotrigine, Rufinamide, Oxcarbazepine, Valproic Acid, and Zonisamide (Sigma) were determined for rat primary hippocampal neurons. Cells were treated with KA alone for 24 h to examine the cell death. Also, cells were treated with 10 lM KA for 15 min and then treated with 500 nM VGSC blocker for 24 h. Cells from all treatment groups were used for determination of morphological and biochemical features of apoptosis and analyses of specific protein expression and activity by Western blotting.
Cell Viability
Cell viability was expressed as percentage of viable cells remaining following KA exposure and subsequent treatment versus control hippocampal neurons. We performed trypan blue dye (TBD) exclusion staining followed by cell counting. TBD is excluded by viable cells with intact cell membranes. We added 50 ll of 0.4% TBD to 50 ll of the cell suspension and then counted the number of stained (blue) and unstained (white) cells in each of the four corner squares of the hemacytometer. Cell viability (%) was calculated according to the following equation: cell viability (%) = [number of unstained (viable) cells/total cells counted (stained ? unstained)] 9 100.
Detection of Apoptosis
Cells from each treatment were washed with 19 phosphate-buffered saline (PBS), pH 7.4, sedimented onto the microscopic slide, and fixed. The morphological (Wright staining) and biochemical (ApopTag assay) features of apoptosis were examined, as we described previously [14] [15] [16] . After Wright staining and ApopTag assay, cells were counted under the light microscope to determine percentage of apoptosis. ApopTag assay detects apoptotic cells in situ by labeling and detecting DNA strand breaks. At least 500 cells were counted in each treatment and the percentage of apoptotic cells was calculated. indicator Fura-2/AM, as described previously [21, 22] using standards of the Calcium Calibration Buffer Kit with Magnesium (Molecular Probes, Eugene, OR).
Measurement of ROS Production
Time-course experiments were performed to compare ROS production in rat primary hippocampal neurons after KA exposure without and with Lamotrigine, Rufinamide, Oxcarbazepine, Valproic Acid, and Zonisamide. ROS production was detected by using the fluorescent probe 2 0 ,7 0 -dichlorofluorescin diacetate (DCF-DA, Sigma), as described earlier [21, 22] . Cells were then incubated at 37°C for 30-1,440 min. After each time point (30-1,440 min), each plate was washed twice with Hank's balanced salt solution (GIBCO) and loaded with 1 ml media containing 5 lM of DCF-DA and the fluorescence intensity was measured at 530 nm after excitation at 480 nm in Spectramax Gemini XPS (Molecular Devices, Sunnyvale, CA). The increase in fluorescence intensity was used to assess the net intracellular ROS production.
Western Blotting
Western blotting was performed, as we described previously [20, 21] . The autoradiograms were scanned using Photoshop software (Adobe Systems, Seattle, WA) and optical density (OD) of each band was determined using Quantity One software (Bio-Rad, Hercules, CA). We used polyclonal calpain and calpastatin primary IgG antibodies. Also, monoclonal caspase-8, caspase-9, caspase-3, Bax and Bcl-2 primary IgG antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) were used to assess apoptotic pathways. Monoclonal b-actin primary IgG antibody (clone AC-15, Sigma) was used to standardize protein loading in Western blotting. We used horseradish peroxidase (HRP)-conjugated goat anti-mouse secondary IgG antibody (ICN Biomedicals, Aurora, OH) to detect a primary antibody, except in case of calpain and calpastatin where we used HRP-conjugated goat anti-rabbit secondary IgG antibody (ICN Biomedicals).
Calpain Activity Assay
We determined calpain activity in total cell lysates using a calpain activity assay kit according to the manufacturer's instructions (Abcam, Cambridge, MA). The calpain activity kit contains a fluorogenic peptide (Ac-LLY-AFC) as calpain substrate, lysis buffer, and reaction buffer. Briefly, cells were lysed in the lysis buffer for 20 min at 4°C. Cell lysates were then incubated with the substrate and reaction buffer for 1 h at 37°C in the dark. Upon cleavage of substrate, the fluorogenic portion (AFC) produced a yellowgreen fluorescence at a wavelength of 505 nm following excitation at 400 nm. Fluorescence emission was measured in a standard fluorimeter.
Colorimetric Assays for Caspase-8, Caspase-9, and Caspase-3 Activities
Measurements of caspase-8, caspase-9, and caspase-3 activities were performed using a commercially available caspase-8/caspase-9 assay kit (Invitrogen, Camarillo, CA) and a caspase-3 assay kit (Sigma). Concentration of pNA released from the substrate was calculated from the absorbance values at 405 nm. Experiments were performed in triplicate. We tested the KA toxicity in absence and in presence of one of the voltage-gated Na ? channel blockers in rat primary hippocampal neurons (Fig. 1) . To test the KA toxicity alone, we first treated rat primary hippocampal neuron cells with various concentrations of KA that reduced cell viability (Fig. 1a) . However, post-treatment at 15 min with 500 nM of a VGSC blocker provided effective protection in rat primary hippocampal neurons, compared with KA treatment only (Fig. 1c) . Cells treated with 500 nM of a VGSC blocker alone appeared healthy, confluent, and undamaged, similar to control cells (Fig. 1) . After the treatments, cells were also examined for apoptosis by Wright staining and ApopTag assay (Fig. 1a, b) . All treatment groups were examined under the light microscope and cells were counted to determine the amount of apoptotic cells. The post-treatment of cells at 15 min with Lamotrigine, Rufinamide, Oxcarbazepine, Valproic Acid, or Zonisamide in the presence of KA significantly decreased apoptotic death (Fig. 1c) . Results obtained from Wright staining (Fig. 1a) were further confirmed by the ApopTag assay (Fig. 1b) . Compared with control cells, cells treated with 10 lM KA showed a greater than 50% increase (P \ 0.01) in apoptotic cells (Fig. 1c) . After the post-treatment of cells at 15 min with 500 nM Lamotrigine, Rufinamide, Oxcarbazepine, Valproic Acid, or Zonisamide, there was a decrease in KA-induced apoptosis by three to fourfolds, compared with cells treated with KA only. Our data indicated that Valproic Acid and Zonisamide protected hippocampal neurons better than Lamotrigine, Rufinamide, and Oxcarbazepine.
Voltage-gated Na
? Channel Blockers Decrease ROS Production in Rat Primary Hippocampal Neurons
To elucidate further the underlying mechanism of VGSC blocker mediated neuroprotection, we measured fluorescence intensity (as an indication of ROS production) resulting from the oxidation of 2 0 ,7 0 -dichlorofluorescin (DCF) in rat primary hippocampal neurons in a timedependent manner (Fig. 2) . After KA treatment for 30 min, ROS production gradually increased. At the 1,440 min (24 h) time point, DCF fluorescence appeared stronger than that at the 30 min time point (Fig. 2) . Interestingly, posttreatment at 15 min with a VGSC blocker prevented KA-induced ROS production markedly at all experimental time points. The results demonstrated that Valproic Acid or Zonisamide acted as a stronger anti-oxidant (P \ 0.01) when compared with Lamotrigine, Rufinamide, or Oxcarbazepine (P \ 0.05).
? Channel Blockers Prevent Ca 2?
Influx and Inhibit Activation of Calpain Calcium (Ca 2? ) plays numerous roles in neuronal function and therefore blocking Ca 2? channels can yield various effects. We assessed whether the increase in intracellular free [Ca 2? ] (Fura-2 assay) could stimulate calpain activity during cell death (Fig. 3) . Treatment of cells with KA for 24 h caused a significant increase (P = 0.009) in intracellular free [Ca 2? ] compared with control cells (Fig. 3a) . Also, there was no significant difference (P = 0.763) between intracellular free [Ca 2? ] in control cells and those treated with KA plus VGSC blocker, indicating that VGSC blocker was capable of preventing the KA-induced increase in intracellular free [Ca 2? ]. Our results demonstrated that Valproic Acid and Zonisamide (P \ 0.01) acted as a stronger protective agent than other VGSCs (P \ 0.05). It may be attributed to their T-type Ca 2? channel blocking properties. Our finding of increased Ca 2? influx (24 h) in KA treated cells (Fig. 3b) suggested activation of the Ca 2? -dependent protease calpain and its involvement in cell death. The expression of m-calpain was increased, while expression of calpastatin (endogenous calpain inhibitor) was down regulated in KA treated cells (Fig. 3c) . Uniform expression of b-actin served as a loading control for cytosolic proteins. Further, we measured the calpain:calpastatin ratio (Fig. 3c) . Our results showed a Voltage-gated Na ? Channel Blockers Decreased the Bax:Bcl-2 Ratio Commitment to apoptosis was measured by examining any increase in the ratio of Bax (proapoptotic protein) to Bcl-2 (antiapoptotic protein) expression (Fig. 4) . The antibody used in this investigation could recognize both 21 kD Baxa and 24 kD Baxb isoforms (Fig. 4) . Our results demonstrated that cells treated with KA increased Bax but decreased Bcl-2 expression (Fig. 4a) and thus the Bax:Bcl-2 ratio was found to be significantly increased (Fig. 4b) . Cells treated with KA showed threefold increase (P = 0.002) in the Bax:Bcl-2 ratio indicating a commitment to apoptosis, compared with control cells (Fig. 4b) . b-Actin expression was used as a loading control. The increase in Bax:Bcl-2 ratio (Fig. 4b) could promote mitochondrial release of pro-apoptotic factors. The post-treatment with a VGSC blocker significantly attenuated this increase compared with cells treated with KA. Notably, VGSC blocker alone did not alter the Bax:Bcl-2 ratio when compared with control cells (Fig. 4b) .
Post-treatment with Voltage-gated Na
? Channel Blocker Inhibited Activities of Caspases Caspases belong to a family of cysteine proteases that play central roles in the initiation and execution of the apoptotic process. Caspase-8 and caspase-9 are representative of the initiator caspases, which activate the executor caspases including caspase-3. In order to investigate the effects of VGSC blockers on apoptosis, we used Western blotting (Fig. 5a ) and colorimetric assays (Fig. 5b) to determine, respectively, activation and activity of caspase-8, caspase-9, and caspase-3 in the cells treated with KA. Our results showed significant increases (P = 0.001) in the activities of all these caspases in cells treated with KA (Fig. 5) . We also observed that post-treatment with VGSC blocker significantly inhibited activities of caspases in cells treated with KA (Fig. 5) . No significant difference (P = 0.899) in caspase activity was seen between control cells and cells treated with a VGSC blocker alone.
Discussion
The present study was designed to investigate the potential of different VGSC blockers to protect rat primary hippocampal neurons against the toxic effects of KA. Our results show that VGSC blockers significantly reduce KA-induced hippocampal neuron death. The current study also indicates that Valproic Acid and Zonisamide (both of which block VGSC and T-type Ca 2? channels) are more potent neuroprotective agents than Lamotrigine, Rufinamide, and Oxcarbazepine against KA-induced rat hippocampal neuron death. Our results demonstrate that Lamotrigine, Rufinamide, Oxcarbazepine, Valproic Acid, and Zonisamide attenuate cell death due to inhibition of ROS production, Ca 2? influx, calpain activity, Bax:Bcl-2 ratio, and caspase activities. These findings can be viewed as a stepwise process to neuroprotection.
Free radical damage in neurons has been linked to a number of neurological diseases [24, 25] . Recently, it has been reported that systemic administration of KA induces ROS production in rat brain [26] and damages the hippocampal CA3 subregion. Most of the ROS causing oxidative stress are generated from the mitochondrial electron transport chain. In addition, earlier reported data suggest that ROS generation gradually increases during the first 30 min of KA treatment, followed by a robust increase in the rate of ROS production after 6 h in hippocampal neurons [27] . Therefore, we measured total cytosolic ROS levels via the peroxide-sensitive dye DCF. Consistent with the previous study [26] , our data indicated that long-term (1,440 min) exposure of hippocampal neurons to KA causes an increase in ROS levels. We also found that post-treatment with VGSC blockers significantly reduced KA-induced ROS production in hippocampal neurons. Our results suggest that the neuroprotective effect of VGSC blockers in hippocampal neurons may be related to a decrease in mitochondrial ROS production. Ca 2? influx is a necessary step in neurotransmitter release and one consequence of Ca 2? channel blockade is decreased neurotransmitter release, including excitatory glutamate [28, 29] It has previously been reported that calpain plays a crucial role in Ca 2? influx during cell injury and is also activated as a result of Ca 2? influx [21] [22] [23] . Calpain also plays a role in initiation of apopototic death by activating Bax, cleaving the endogenous inhibitor of calcineurin, increasing Bad activity, and influencing the Bax:Bcl-2 ratio both directly and indirectly [21] . Increased expression of calpain has previously been shown to coincide with an increase in the Bax:Bcl-2 ratio [21, 22] , suggesting that alterations in expression of these Bcl-2 family members play an important role in cell death. Therefore, we examined calpain activity and expression as well as levels of calpastatin (endogenous calpain inhibitor), Bax, and Bcl-2 in hippocampal neurons following exposure to KA and VGSC blockers. Our results demonstrated that post-treatment of hippocampal neurons with Lamotrigine, Rufinamide, Oxcarbazepine, Valproic Acid, and Zonisamide inhibited calpain activity and decreased both calpain: calpastatin and Bax:Bcl-2 ratios.
Caspases are central to the execution of apoptosis and have been implicated in the pathogenesis of ischemia [31] , traumatic brain injury [31] , and epilepsy [32] . In particular, induction of caspase-3 has been reported in rat hippocampal neurons following systemic administration of KA [27] , transient global ischemia, and fluid percussioninduced traumatic brain injury. The endogenous calpain inhibitor, calpastatin, can be degraded not only by calpain but also by caspases during apoptosis. Thus, it is possible that caspase-3 may indirectly activate calpain via calpastatin degradation. From our own observations, a decrease in activities of caspase-8, caspase-9, and caspase-3 correlates well with reduction in cell death following VGSC blocker treatment. However, Valproic Acid and Zonisamide showed at least 15% more efficacy than Lamotrigine, Rufinamide, and Oxcarbazepine in inhibition of caspase activities.
The mechanisms involved in pathogenesis of epilepsy are complex and have not been clearly delineated. Consequently, therapeutic regimens are focused on supportive care and they do not address mechanisms of cell death and neuronal injury. Although we have shown that VGSC blockers may reduce KA-induced hippocampal neuron death in vito, it remains to be explored whether these therapies provide neuroprotection in vivo. Interestingly, our findings suggest that blockade of both VGSC and T-type Ca 2? channels results in greater attenuation of the apoptotic cascade than blockade of VGSC alone. Our results have potential clinical significance because therapies that act to attenuate neuronal death in seizure, ischemia, and CNS trauma may also prevent loss of neurological function in affected patients.
